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Central post-stroke pain (CPSP) is a debilitating, severe disorder affecting patient quality
of life. Since CPSP is refractory to medication, various treatment modalities have been
tried with marginal results. Following the first report of epidural motor cortex (M1)
stimulation (MCS) for CPSP, many researchers have investigated the mechanisms of
electrical stimulation of the M1. CPSP is currently considered to be a maladapted
network reorganization problem following stroke, and recent studies have revealed
that the activities of the impaired hemisphere after stroke may be inhibited by the
contralesional hemisphere. Even though this interhemispheric inhibition (IHI) theory
was originally proposed to explain the motor recovery process in stroke patients, we
considered that IHI may also contribute to the CPSP mechanism. Based on the IHI theory
and the fact that electrical stimulation of the M1 suppresses CPSP, we hypothesized that
the inhibitory signals from the contralesional hemisphere may suppress the activities of
the M1 in the ipsilesional hemisphere, and therefore pain suppression mechanisms may
be malfunctioning in CPSP patients. In this context, transcranial direct current stimulation
(tDCS) was considered to be a reasonable procedure to address the interhemispheric
imbalance, as the bilateral M1 can be simultaneously stimulated using an anode
(excitatory) and cathode (inhibitory). In this article, we review the potential mechanisms
and propose a new model of CPSP. We also report two cases where CPSP was
addressed with tDCS, discuss the potential roles of tDCS in the treatment of CPSP,
and make recommendations for future studies.
Keywords: transcranial direct current stimulation, post-stroke central pain, interhemispheric inhibition, motor
cortex, pain suppression
INTRODUCTION
Stroke is a vascular disorder of the brain causing various symptoms including motor
weakness, sensory disturbances, balance problems, and spasticity. Pain after stroke can
be caused by various conditions secondary to spasticity, and a recent study reported that
as many as 39.0% of stroke patients experienced new-onset chronic pain after stroke
(Klit et al., 2011). Among various pain etiologies, central post-stroke pain (CPSP) is an
especially debilitating, severe disorder characterized by intractable pain with abnormal
sensations such as burning and allodynia, which severely affect the quality of life (QOL).
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CPSP was first described by Dejerine and Roussy as a
consequence of stroke-related lesions in the thalamus (Dejerine
and Roussy, 1906); however, lesions in other brain structures
in the somatosensory pathway may result in CPSP (MacGowan
et al., 1997; Klit et al., 2009). In the somatosensory pathway,
lesions in the ventrocaudalis portae nucleus of the thalamus
and lateral medulla particularly predispose patients to CPSP
(Sprenger et al., 2012). The prevalence of CPSP has been reported
to be 1–12% (Andersen et al., 1995; MacGowan et al., 1997;
Lampl et al., 2002; Weimar et al., 2002; Widar et al., 2002;
Appelros, 2006; Kuptniratsaikul et al., 2009; Lundström et al.,
2009).
Even though the mechanisms of CPSP remain unclear, CPSP
has been considered to be a maladapted network reorganization
problem after stroke (Hosomi et al., 2015), as CPSP usually
occurs in a delayed fashion from weeks to months after the initial
insult (Nasreddine and Saver, 1997). To explain the abnormal
network conditions of CPSP, various circuit models have been
proposed (Klit et al., 2009; Hosomi et al., 2015). In this article,
we review the potential mechanisms and propose a new model
of CPSP. We also report two cases where CPSP was ameliorated
with transcranial direct current stimulation (tDCS) and discuss
the potential roles of tDCS in the treatment of CPSP and future
studies.
MALFUNCTIONING NEURONAL CIRCUITS
CPSP is characterized by either spontaneous or evoked
unpleasant feelings described as allodynia, hyperalgesia, and
dysesthesia. Insults to the central nervous system (CNS)
induce various responses including neurochemical reactions,
cytotoxicity, and inflammation at the cellular levels, and
these changes have been considered to induce maladapted
neuroplasticity resulting in the abnormal sensations of CPSP
(Yezierski, 2005; Costigan et al., 2009).
Hyperactivities in pain-related structures have been described
in various studies and are supported by the fact that medications
suppressing neuronal activities were reported to be effective for
CPSP (Leijon and Boivie, 1989; Attal et al., 2000; Vestergaard
et al., 2001; Canavero and Bonicalzi, 2004; Vranken et al., 2008).
In particular, spontaneous pain has been considered to be due
to hyperexcitability in the pain circuits of the brain (Vestergaard
et al., 1995), and neurophysiological studies revealed hyperactive
thalamic bursting activities in CPSP cases (Lenz et al., 1994,
2004). These findings were also supported by neuroimaging
studies that showed increased regional cerebral blood flow
(rCBF) in the thalamus of patients with Wallengerg syndrome
and CPSP (Peyron et al., 1998).
The mechanisms of abnormal hyperactivities in the pain
network could be also explained by ‘‘disinhibition theory’’ (Craig
and Bushnell, 1994). The CNS is controlled by a delicate balance
between excitation and inhibition (Vanegas and Schaible, 2004;
Hull and Scanziani, 2007; Bee and Dickenson, 2008; Costigan
et al., 2009; Heinricher et al., 2009), and the pain sensations in
CPSP are considered to be caused by an imbalance. Burning pain
could be explained by the damage to the transmission system for
cold sensations, for instance.
Conversely, it has been reported that additional stroke lesions
may either aggravate (Kim, 1999) or alleviate the preexisting
pain (Soria and Fine, 1991; Helmchen et al., 2002). These cases
illustrated that CPSP is a network reorganization disorder. It
should be noted that there are affective and sensory components
in pain sensation (Sewards and Sewards, 2002a,b). Limbic
structures including the amygdala and insular cortex are a
part of the affective pain circuit (Price, 2000), and there is
a possibility that CPSP involves the malfunctioning of the
circuit. Additionally, a recent resting-state functional magnetic
resonance imaging (fMRI) study has shown changes in the
default mode network activities in chronic pain states (Baliki
et al., 2014).
INVASIVE BRAIN STIMULATION
PROCEDURES
In a classic clinical experience, the applications of thalamotomy
(Menon, 2014) and postcentral gyrectomy were described
(Erickson et al., 1952). These procedures were performed based
on a theory that the thalamus and somatosensory cortex are the
‘‘center of the pain perception,’’ and removing these structures
might decrease pain sensations. These procedures are no longer
performed inmodern neurosurgery practice. Currently, there are
two neurosurgical approaches to CPSP: deep brain stimulation
(DBS) and invasive motor cortex (M1) stimulation (MCS). These
brain stimulation therapies have been widely used, as they are
considered to be safer than destruction surgery, due to the
possibility of reversibility.
Various brain structures have been stimulated with DBS
methods to treat intractable pain. The most frequently reported
DBS targets have been the periaqueductal gray matter (PAG),
periventricular gray matter (PVG), and ventroposterior (VP)
nucleus of the thalamus (Hosobuchi, 1983; Tsubokawa et al.,
1984; Owen et al., 2006). The mechanism of action of PAG/PVG
stimulation was originally reported to involve activation of the
µ-opioid system (Hosobuchi et al., 1977) even though increases
in endogenous opioid levels were not consistently found in
these cases (Dionne et al., 1984; Young and Chambi, 1987).
Electrical stimulation of the VP nucleus has also been considered
to suppress the abnormal firing in the thalamus. However, no
randomized controlled studies have definitively demonstrated
favorable outcomes with these methods (Bittar et al., 2005). In
both procedures, PAG/PVG and Vc DBS leads were unilaterally
implanted in the ipsilesional hemisphere. Another classic DBS
target was the septal nuclei, which were considered to be
associated with pleasurable feelings (Heath, 1963). However, Gol
reported that electrical stimulation of the septal nuclei was only
effective in one of six cases (Gol, 1967).
Recently, neuropsychiatric DBS approaches have been applied
to address the affective components of pain in pain disorders.
The DBS targets included limbic structures, the anterior
cingulate cortex (ACC; Boccard et al., 2014a,b), and the
ventral capsule/ventral striatum (VC/VS; Machado et al., 2013;
Morishita et al., 2015a). The ACC stimulation was applied based
on the experience of anterior cingulotomy for intractable pain
and obsessive-compulsive disorder (OCD; Brotis et al., 2009).
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Boccard et al. reported favorable outcomes in the pain levels
and QOL of 11 patients who had follow-up evaluations after
bilateral ACC DBS (Boccard et al., 2014a). However, Morishita
et al. (2015a) reported an unsuccessful case of unilateral VC/VS
stimulation. Currently, a bilateral VC/VS DBS study is underway
(clinicalTrial.gov Identifier: NCT01072656).
In the early 1990’s, MCS was first introduced by Tsubokawa
et al. (1991a,b). Since then, many researchers have replicated the
effects of electrical stimulation of the M1 using either invasive
or non-invasive methods (Lima and Fregni, 2008). Nguyen
et al. (2011) reported that MCS showed greater than 40% pain
reduction on the visual analog scale (VAS) in 60% of CPSP
patients in their literature review. The efficacy of MCS has been
proven by several controlled trials as well (Nguyen et al., 2008;
Velasco et al., 2008).
Tsubokawa proposed the descending pain inhibitory
mechanism in his report and suggested that electrical stimulation
of the upper level structures in the sensory pathway may inhibit
deafferentation pain from lower level lesions (Tsubokawa et al.,
1993). Peyron et al. (2000, 2007) revealed that MCS activated
remote areas, including the cingulate gyrus. A recent animal
study showed that MCS suppressed activity in the primary
somatosensory cortex and prefrontal cortex (Jiang et al., 2014).
Interestingly, pain relief usually is delayed several days to weeks
following the start of MCS therapy (Nguyen et al., 2011). These
findings may indicate that pain relief by MCS can be achieved
by global pain network modulation involving corticocortical and
thalamocortical loops rather than merely activating the primary
M1. Katayama et al. (1998) reported that MCS more effectively
addressed CPSP in patients with better motor functions.
This finding may indicate that the degree of damage in the
corticospinal tract (CST) is associated with the integrity of the
pain inhibitory network involving the M1.
INTERHEMISPHERIC INTERACTIONS
Various animal and neuroimaging studies have shown post-
stroke neuroplastic changes in the neural network involving
the contralesional hemisphere (Xerri et al., 2014). For example,
a recent animal study demonstrated enhanced activity in the
somatosensory cortex of the contralesional hemisphere only
30–50 min after a small ischemic lesion was induced in the
somatosensory cortex (Mohajerani et al., 2011). Additionally,
compensatory remodeling with functional recovery reportedly
occurred in the contralesional hemisphere 1 month after the
functional loss of the ipsilesional hemisphere in the recovery
process after complete infarction of the somatosensory cortex
(Takatsuru et al., 2009).
fMRI studies have shown contralesional M1 activation during
tasks using the impaired upper extremity in stroke cases (Rehme
et al., 2011; Grefkes and Fink, 2014). Recent studies using
transcranial magnetic stimulation (TMS) and MRI revealed
that abnormal activity of the contralesional M1 might inhibit
motor recovery after stroke (Grefkes and Fink, 2014; Volz
et al., 2015), and a resting-state fMRI study revealed increased
interhemispheric M1-M1 functional connectivity in stroke
patients compared with that in healthy volunteers (Liu et al.,
2015). All of these findings underpin the importance of the role
of the contralesional hemisphere in the network reorganization
after stroke. In this context, there is a possibility that the
maladapted neuroplasticity in the contralesional hemisphere
may partly contribute to the abnormal pain sensations in CPSP.
In fact, it has been reported that additional stroke lesions in
the contralateral hemisphere to the first stroke lesion influenced
the preexisting CPSP (Kim, 1999; Helmchen et al., 2002). We
hypothesized that the inhibitory signals from the contralesional
hemisphere may suppress the activities of the M1 in the lesioned
hemisphere, and therefore pain suppression mechanisms may be
malfunctioning in the CPSP patients (Figure 1).
tDCS FOR CPSP
As mentioned above, past studies have shown that recovery of
the impaired limb may be inhibited by abnormal contralesional
M1 activities. This interhemispheric inhibition (IHI) theory
has been applied for neurorehabilitation therapy using tDCS
to improve motor functions (Lüdemann-Podubecká et al.,
2014). In tDCS therapy, the bilateral motor cortices can be
stimulated simultaneously using an anode (excitatory) and
cathode (inhibitory). tDCS, therefore, has been considered to
be a reasonable treatment modality to address interhemispheric
imbalance due to stroke. Based on the IHI theory and the fact that
anodal M1 stimulation suppresses the CPSP, we considered that
tDCS may address both interhemispheric imbalance in neural
activities and pain at the same time.
Only a few reports have concerned the use of tDCS for
CPSP, even though tDCS have widely used for the treatment of
other types of neuropathic pain (Fregni et al., 2006; DosSantos
et al., 2012; Mehta et al., 2015). Most studies placed the anode
over the contralateral M1 to the painful site and the cathode
over the supraorbital area on the other side, and continuous
stimulation was administered for 20 min at 2000 µA. Bae et
al. used the same tDCS method for CPSP cases and reported
the clinical effects of active tDCS therapy group compared to a
sham stimulation group (Bae et al., 2014). In the same report,
the authors concluded that pain reduction was achieved only in
the active stimulation group. Another report, from our group,
showed that tDCS improved CPSP as well as motor functions,
and an imaging study demonstrated improved interhemispheric
balance (Morishita et al., 2015b).
Here we present two representative CPSP cases where
pain reduction was successfully achieved with tDCS therapy
using a commercially available stimulator (DC-Stimulator plus,
neuroConn, Germany). For the tDCS procedure, we positioned
the electrode aiming at the M1, and the anode and cathode were
placed on the lesional and the contralesional sides, respectively,
on C3 and C4 of the international 10–20 electroencephalography
system. We administered 2500 µA of continuous stimulation
for 20 or 25 min. These parameters were selected based on the
previous tDCS report concerning safety (Poreisz et al., 2007).
The first case was a 72-year-old woman with dysesthesia in
her right hemibody, who had had a left thalamic hemorrhage
1 year prior. The pain started 3 months after the left thalamic
hemorrhage, and she rated the pain as 60/100 on the VAS.
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FIGURE 1 | Schema explaining interhemispheric inhibition (IHI) in central post-stroke pain (CPSP). (A) Simplified pain circuit model composed of lateral
and medial thalamic pain pathways. The motor cortex (M1)-VPL connection is described as dotted lines as there is an indirect connection. It should be also noted
that there is an indirect somatosensory projection from the S1 to insular cortex through posterior parietal cortex (Price, 2000). (B) Impaired descending inhibition
pathways from primary M1. Ipsilesional M1 activity is decreased due to not only stroke lesion but also inhibitory signals from the contralateral M1. ACC, anterior
cingulate cortex; PF, prefrontal; SMC, supplementary motor cortex; STT, spinothalamic tract; VMPo, posterior ventromedial nucleus of the thalamus; VPL, ventral
posterolateral nucleus of the thalamus.
In this case, we administered 10 sham stimulations and 10
active stimulations during 2 weeks at a hospitalized setting.
Her pain level was evaluated in a double-blinded fashion, such
that the rater and the patient did not know whether sham
or active stimulation had been administered at each session.
The pain level was significantly lower with active stimulation
than sham stimulation (active vs. sham: 26.9 ± 5.49 vs. 39.5 ±
13.4, p = 0.006). Motor function was evaluated using an action
research arm test (ARAT), which demonstrated improvement
from 30 (baseline) to 37 (after all sessions). We also performed
functional near infrared spectroscopy (fNIRS) to evaluate the
interhemispheric balance at baseline and after all tDCS sessions.
The fNIRS study showed improvement in the imbalance of the
motor activity between the left and right hemispheres, and the
activated motor area was more focused on the left hemisphere
(Figure 2). This fNIRS finding was consistent with the results of
previous fMRI studies (Grefkes and Fink, 2014). This case was
previously reported elsewhere (Morishita et al., 2015b).
The second case was a 66-year-old man who started having
burning pain and allodynia in his left hemibody 3 months after
a right thalamic hemorrhage (Figure 3). He visited us 16 months
after the onset of CPSP. We administered tDCS therapy twice a
week on an outpatient basis. The tDCS settings were the same as
in case 1. Before the tDCS therapy, he rated his pain in his upper
extremity as a 96 on the VAS; however, he rated his pain as 48
on the VAS following 15 sessions of tDCS therapy. In this case,
we evaluated the motor function of the impaired upper extremity
using the Fugl–Meyer Assessment scale, and the upper extremity
score improved from 57 (baseline) to 62 (after all sessions).
As presented in our illustrative cases, tDCS may be a
promising treatment option for CPSP cases. Interestingly, our
cases showed improvements in motor function as well as pain.
It may be debated whether the motor recovery was secondary to
the pain reduction or not, however, we consider that electrical
stimulation of the M1 itself results in motor recovery, as shown
by various studies (Lüdemann-Podubecká et al., 2014). To test
our theory and prove the effectiveness of tDCS for CPSP, further
clinical studies are warranted. Additionally, even though case
reports are not enough convincible to conclude that addition
of contralateral cathodal tDCS had any additional effect over
ipsilateral anodal stimulation alone, we believe this bilateral tDCS
approach may address the abnormalities in the interhemispheric
neural network.
CONCLUSIONS
In this article, we briefly reviewed the basic theories concerning
the mechanisms of CPSP and proposed a CPSP neurocircuit
model involving the contralesionalM1.Malfunctioning neuronal
circuits in CPSP may involve the contralesional hemisphere, and
IHI may play an important role in pain mechanisms. Most brain
stimulation therapies in the past have targeted the ipsilesional
hemisphere, but we hypothesize that intervening in both
hemispheres may be more effective to address CPSP. Further
investigation of network abnormalities in the contralesional
hemispheremay shed light on the potential mechanisms of CPSP.
Rather than trying to address the ‘‘abnormal region’’ in the
brain, a neural network modulation approach to the global
Frontiers in Human Neuroscience | www.frontiersin.org 4 April 2016 | Volume 10 | Article 166
Morishita and Inoue CPSP and Neural Network Remodeling
FIGURE 2 | Neuroimaging studies in case 1. (A) Coronal view of a T1-weighted image. The arrow indicates a post-hemorrhagic lesion in the left thalamus.
(B,C) Functional near infrared spectroscopy (fNIRS) results showing oxyhemoglobin level mapping during a right fist closure and opening task over a 3-D
reconstructed image of the patient’s brain. Red and green indicate higher and lower functional activity levels, respectively. Arrows indicate the central sulci. Following
all transcranial direct current stimulation (tDCS) sessions, activity in the right hemisphere was reduced. (This figure was adapted from Morishita et al. (2015b) with
permission).
FIGURE 3 | A T2 weighted MRI image showing thalamic lesion in
case 2. An arrow indicates the stroke lesion in the right thalamus.
pain system would be desirable in future studies (Thompson
et al., 2012). In this context, non-invasive brain stimulation
techniques such as TMS and tDCS are excellent treatment
options as well as research tools. Since a number of studies have
already shown the efficacy of electrical stimulation of the M1
in the ipsilesional hemisphere, neuroplastic changes following
magnetic or electrical stimulation of the contralesional may
also be observed. Based on these findings, more effective brain
stimulation parameters may be found.
Due to the heterogeneous nature of stroke, CPSP etiology
varies among patients, and the number of patients who receive
brain stimulation therapy is limited. Therefore, cross-over study
designs having active and sham stimulation periods for each
case might be desirable to test the efficacy of new stimulation
approaches. For future clinical trials using brain stimulation
techniques, we also propose formation of a registry database
recording clinically important variables including: (1) anatomical
location of the stroke lesion; (2) time between the stroke onset
and CPSP onset; (3) detailed pain assessment using universal
measures; (4) details of stimulationmethods and parameters; and
(5) clinical outcomes, inclusive of post-procedure pain scores
and adverse events. This will allow us to analyze the data from
a standardized cohort and lead to better understanding of CPSP
etiology.
AUTHOR CONTRIBUTIONS
TM contributed to conception of the article and data collections,
and wrote the manuscript. TI supervised the manuscript writing
and reviewed the manuscript.
ACKNOWLEDGMENTS
This study was partly supported by Japan Society for the
Promotion of Science Grant-in-Aid for young scientists (B)
15K19984, Takeda Science Foundation, The Uehara Memorial
Foundation, and a fund from the Central Research Institute of
Fukuoka University (No. 161042).
Frontiers in Human Neuroscience | www.frontiersin.org 5 April 2016 | Volume 10 | Article 166
Morishita and Inoue CPSP and Neural Network Remodeling
REFERENCES
Andersen, G., Vestergaard, K., Ingeman-Nielsen, M., and Jensen, T. S. (1995).
Incidence of central post-stroke pain. Pain 61, 187–193. doi: 10.1016/0304-
3959(94)00144-4
Appelros, P. (2006). Prevalence and predictors of pain and fatigue after stroke:
a population-based study. Int. J. Rehabil. Res. 29, 329–333. doi: 10.1097/mrr.
0b013e328010c7b8
Attal, N., Gaudé, V., Brasseur, L., Dupuy, M., Guirimand, F., Parker, F.,
et al. (2000). Intravenous lidocaine in central pain: a double-blind, placebo-
controlled, psychophysical study. Neurology 54, 564–574. doi: 10.1212/wnl.54.
3.564
Bae, S. H., Kim, G. D., and Kim, K. Y. (2014). Analgesic effect of transcranial
direct current stimulation on central post-stroke pain. Tohoku J. Exp. Med. 234,
189–195. doi: 10.1620/tjem.234.189
Baliki, M. N., Mansour, A. R., Baria, A. T., and Apkarian, A. V. (2014).
Functional reorganization of the default mode network across chronic
pain conditions. PLoS One 9:e106133. doi: 10.1371/journal.pone.
0106133
Bee, L. A., and Dickenson, A. H. (2008). Descending facilitation from the
brainstem determines behavioural and neuronal hypersensitivity following
nerve injury and efficacy of pregabalin. Pain 140, 209–223. doi: 10.1016/j.pain.
2008.08.008
Bittar, R. G., Kar-Purkayastha, I., Owen, S. L., Bear, R. E., Green, A., Wang, S., et al.
(2005). Deep brain stimulation for pain relief: a meta-analysis. J. Clin. Neurosci.
12, 515–519. doi: 10.1016/j.jocn.2004.10.005
Boccard, S. G., Fitzgerald, J. J., Pereira, E. A., Moir, L., Van Hartevelt, T. J.,
Kringelbach, M. L., et al. (2014a). Targeting the affective component of
chronic pain: a case series of deep brain stimulation of the anterior cingulate
cortex. Neurosurgery 74, 628–635; discussion 635–637. doi: 10.1227/NEU.
0000000000000321
Boccard, S. G., Pereira, E. A., Moir, L., Van Hartevelt, T. J., Kringelbach, M. L.,
Fitzgerald, J. J., et al. (2014b). Deep brain stimulation of the anterior cingulate
cortex: targeting the affective component of chronic pain. Neuroreport 25,
83–88. doi: 10.1097/WNR.0000000000000039
Brotis, A. G., Kapsalaki, E. Z., Paterakis, K., Smith, J. R., and Fountas, K. N.
(2009). Historic evolution of open cingulectomy and stereotactic cingulotomy
in the management of medically intractable psychiatric disorders, pain and
drug addiction. Stereotact. Funct. Neurosurg. 87, 271–291. doi: 10.1159/0002
26669
Canavero, S., and Bonicalzi, V. (2004). Intravenous subhypnotic propofol
in central pain: a double-blind, placebo-controlled, crossover study.
Clin. Neuropharmacol. 27, 182–186. doi: 10.1097/01.wnf.0000138635.
42121.9e
Costigan, M., Scholz, J., and Woolf, C. J. (2009). Neuropathic pain: a maladaptive
response of the nervous system to damage. Annu. Rev. Neurosci. 32, 1–32.
doi: 10.1146/annurev.neuro.051508.135531
Craig, A. D., and Bushnell, M. C. (1994). The thermal grill illusion: unmasking the
burn of cold pain. Science 265, 252–255. doi: 10.1126/science.8023144
Dejerine, F., and Roussy, G. (1906). Le Syndrome Thalamique. Paris: Asselin et
Houzeau.
Dionne, R. A., Mueller, G. P., Young, R. F., Greenberg, R. P., Hargreaves,
K. M., Gracely, R., et al. (1984). Contrast medium causes the apparent
increase in beta-endorphin levels in human cerebrospinal fluid following
brain stimulation. Pain 20, 313–321. doi: 10.1016/0304-3959(84)
90109-x
DosSantos, M. F., Love, T. M., Martikainen, I. K., Nascimento, T. D., Fregni, F.,
Cummiford, C., et al. (2012). Immediate effects of tDCS on the mu-opioid
system of a chronic pain patient. Front. Psychiatry 3:93. doi: 10.3389/fpsyt.2012.
00093
Erickson, T. C., Bleckwenn, W. J., and Woolsey, C. N. (1952). Observations
on the post central gyrus in relation to pain. Trans. Am. Neurol. Assoc. 56,
57–59.
Fregni, F., Boggio, P. S., Lima, M. C., Ferreira, M. J., Wagner, T.,
Rigonatti, S. P., et al. (2006). A sham-controlled, phase II trial of
transcranial direct current stimulation for the treatment of central pain in
traumatic spinal cord injury. Pain 122, 197–209. doi: 10.1016/j.pain.2006.
02.023
Gol, A. (1967). Relief of pain by electrical stimulation of the septal area. J. Neurol.
Sci. 5, 115–120. doi: 10.1016/0022-510x(67)90012-3
Grefkes, C., and Fink, G. R. (2014). Connectivity-based approaches in stroke
and recovery of function. Lancet Neurol. 13, 206–216. doi: 10.1016/s1474-
4422(13)70264-3
Heath, R. G. (1963). Electrical self-stimulation of the brain in man. Am.
J. Psychiatry 120, 571–577. doi: 10.1176/ajp.120.6.571
Heinricher, M. M., Tavares, I., Leith, J. L., and Lumb, B. M. (2009).
Descending control of nociception: specificity, recruitment and
plasticity. Brain Res. Rev. 60, 214–225. doi: 10.1016/j.brainresrev.2008.
12.009
Helmchen, C., Lindig, M., Petersen, D., and Tronnier, V. (2002). Disappearance
of central thalamic pain syndrome after contralateral parietal lobe lesion:
implications for therapeutic brain stimulation. Pain 98, 325–330. doi: 10.
1016/s0304-3959(02)00139-2
Hosobuchi, Y. (1983). Combined electrical stimulation of the periaqueductal
gray matter and sensory thalamus. Appl. Neurophysiol. 46, 112–115. doi: 10.
1159/000101249
Hosobuchi, Y., Adams, J. E., and Linchitz, R. (1977). Pain relief by electrical
stimulation of the central gray matter in humans and its reversal by naloxone.
Science 197, 183–186. doi: 10.1126/science.301658
Hosomi, K., Seymour, B., and Saitoh, Y. (2015). Modulating the pain
network–neurostimulation for central poststroke pain. Nat. Rev. Neurol. 11,
290–299. doi: 10.1038/nrneurol.2015.58
Hull, C., and Scanziani, M. (2007). It’s about time for thalamocortical circuits.Nat.
Neurosci. 10, 400–402. doi: 10.1038/nn0407-400
Jiang, L., Ji, Y., Voulalas, P. J., Keaser, M., Xu, S., Gullapalli, R. P., et al. (2014).
Motor cortex stimulation suppresses cortical responses to noxious hindpaw
stimulation after spinal cord lesion in rats. Brain Stimul. 7, 182–189. doi: 10.
1016/j.brs.2013.12.013
Katayama, Y., Fukaya, C., and Yamamoto, T. (1998). Poststroke pain control
by chronic motor cortex stimulation: neurological characteristics predicting
a favorable response. J. Neurosurg. 89, 585–591. doi: 10.3171/jns.1998.89.
4.0585
Kim, J. S. (1999). Aggravation of poststroke sensory symptoms after a second
stroke on the opposite side. Eur. Neurol. 42, 200–204. doi: 10.1159/000
008107
Klit, H., Finnerup, N. B., and Jensen, T. S. (2009). Central post-stroke pain: clinical
characteristics, pathophysiology and management. Lancet Neurol. 8, 857–868.
doi: 10.1016/S1474-4422(09)70176-0
Klit, H., Finnerup, N. B., Overvad, K., Andersen, G., and Jensen, T. S. (2011).
Pain following stroke: a population-based follow-up study. PLoS One 6:e27607.
doi: 10.1371/journal.pone.0027607
Kuptniratsaikul, V., Kovindha, A., Suethanapornkul, S., Manimmanakorn, N., and
Archongka, Y. (2009). Complications during the rehabilitation period in Thai
patients with stroke: a multicenter prospective study.Am. J. Phys. Med. Rehabil.
88, 92–99. doi: 10.1097/PHM.0b013e3181909d5f
Lampl, C., Yazdi, K., and Röper, C. (2002). Amitriptyline in the prophylaxis
of central poststroke pain. Preliminary results of 39 patients in a placebo-
controlled, long-term study. Stroke 33, 3030–3032. doi: 10.1161/01.str.
0000037674.95228.86
Leijon, G., and Boivie, J. (1989). Central post-stroke pain–a controlled trial
of amitriptyline and carbamazepine. Pain 36, 27–36. doi: 10.1016/0304-
3959(89)90108-5
Lenz, F. A., Gracely, R. H., Rowland, L. H., and Dougherty, P. M. (1994). A
population of cells in the human thalamic principal sensory nucleus respond
to painful mechanical stimuli. Neurosci. Lett. 180, 46–50. doi: 10.1016/0304-
3940(94)90910-5
Lenz, F. A., Weiss, N., Ohara, S., Lawson, C., and Greenspan, J. D. (2004). The
role of the thalamus in pain. Suppl. Clin. Neurophysiol. 57, 50–61. doi: 10.
1016/S1567-424X(09)70342-3
Lima, M. C., and Fregni, F. (2008). Motor cortex stimulation for chronic pain:
systematic review and meta-analysis of the literature.Neurology 70, 2329–2337.
doi: 10.1212/01.wnl.0000314649.38527.93
Liu, J., Qin, W., Zhang, J., Zhang, X., and Yu, C. (2015). Enhanced
interhemispheric functional connectivity compensates for anatomical
connection damages in subcortical stroke. Stroke 46, 1045–1051. doi: 10.
1161/STROKEAHA.114.007044
Frontiers in Human Neuroscience | www.frontiersin.org 6 April 2016 | Volume 10 | Article 166
Morishita and Inoue CPSP and Neural Network Remodeling
Lüdemann-Podubecká, J., Bösl, K., Rothhardt, S., Verheyden, G., and Nowak,
D. A. (2014). Transcranial direct current stimulation for motor recovery of
upper limb function after stroke. Neurosci. Biobehav. Rev. 47, 245–259. doi: 10.
1016/j.neubiorev.2014.07.022
Lundström, E., Smits, A., Terént, A., and Borg, J. (2009). Risk factors for stroke-
related pain 1 year after first-ever stroke. Eur. J. Neurol. 16, 188–193. doi: 10.
1111/j.1468-1331.2008.02378.x
MacGowan, D. J., Janal, M. N., Clark, W. C., Wharton, R. N., Lazar, R. M., Sacco,
R. L., et al. (1997). Central poststroke pain and Wallenberg’s lateral medullary
infarction: frequency, character and determinants in 63 patients. Neurology 49,
120–125. doi: 10.1212/wnl.49.1.120
Machado, A. G., Baker, K. B., Plow, E., and Malone, D. A. (2013). Cerebral
stimulation for the affective component of neuropathic pain.Neuromodulation
16, 514–518. doi: 10.1111/j.1525-1403.2012.00517.x
Mehta, S., McIntyre, A., Guy, S., Teasell, R. W., and Loh, E. (2015). Effectiveness
of transcranial direct current stimulation for the management of neuropathic
pain after spinal cord injury: a meta-analysis. Spinal Cord 53, 780–785. doi: 10.
1038/sc.2015.118
Menon, J. P. (2014). Intracranial ablative procedures for the treatment of
chronic pain. Neurosurg. Clin. N. Am. 25, 663–670. doi: 10.1016/j.nec.2014.
06.003
Mohajerani, M. H., Aminoltejari, K., and Murphy, T. H. (2011). Targeted mini-
strokes produce changes in interhemispheric sensory signal processing that are
indicative of disinhibition within minutes. Proc. Natl. Acad. Sci. U S A 108,
E183–E191. doi: 10.1073/pnas.1101914108
Morishita, T., Foote, K. D., Archer, D. B., Coombes, S. A., Vaillancourt, D. E.,
Hassan, A., et al. (2015a). Smile without euphoria induced by deep brain
stimulation: a case report. Neurocase 21, 676–678. doi: 10.1080/13554794.2014.
973883
Morishita, T., Hyakutake, K., Saita, K., Takahara, M., Shiota, E., and Inoue, T.
(2015b). Pain reduction associated with improved functional interhemispheric
balance following transcranial direct current stimulation for post-stroke central
pain: a case study. J. Neurol. Sci. 358, 484–485. doi: 10.1016/j.jns.2015.
08.1551
Nasreddine, Z. S., and Saver, J. L. (1997). Pain after thalamic stroke: right
diencephalic predominance and clinical features in 180 patients. Neurology 48,
1196–1199. doi: 10.1212/WNL.48.5.1196
Nguyen, J. P., Nizard, J., Keravel, Y., and Lefaucheur, J. P. (2011). Invasive brain
stimulation for the treatment of neuropathic pain.Nat. Rev. Neurol. 7, 699–709.
doi: 10.1038/nrneurol.2011.138
Nguyen, J. P., Velasco, F., Brugieres, P., Velasco, M., Keravel, Y., Boleaga, B., et al.
(2008). Treatment of chronic neuropathic pain by motor cortex stimulation:
results of a bicentric controlled crossover trial. Brain Stimul. 1, 89–96. doi: 10.
1016/j.brs.2008.03.007
Owen, S. L., Green, A. L., Stein, J. F., and Aziz, T. Z. (2006). Deep brain stimulation
for the alleviation of post-stroke neuropathic pain. Pain 120, 202–206. doi: 10.
1016/j.pain.2005.09.035
Peyron, R., Faillenot, I., Mertens, P., Laurent, B., and Garcia-Larrea, L.
(2007). Motor cortex stimulation in neuropathic pain. Correlations
between analgesic effect and hemodynamic changes in the brain. A
PET study. Neuroimage 34, 310–321. doi: 10.1016/j.neuroimage.2006.
08.037
Peyron, R., Garcia-Larrea, L., Gregoire, M. C., Convers, P., Lavenne, F., Veyre,
L., et al. (1998). Allodynia after lateral-medullary (Wallenberg) infarct. A PET
study. Brain 121, 345–356. doi: 10.1093/brain/121.2.345
Peyron, R., Laurent, B., and García-Larrea, L. (2000). Functional imaging of brain
responses to pain. A review and meta-analysis (2000). Neurophysiol. Clin. 30,
263–288. doi: 10.1016/s0987-7053(00)00227-6
Poreisz, C., Boros, K., Antal, A., and Paulus, W. (2007). Safety aspects of
transcranial direct current stimulation concerning healthy subjects and
patients. Brain Res. Bull. 72, 208–214. doi: 10.1016/j.brainresbull.2007.01.004
Price, D. D. (2000). Psychological and neural mechanisms of the affective
dimension of pain. Science 288, 1769–1772. doi: 10.1126/science.288.54
72.1769
Rehme, A. K., Fink, G. R., von Cramon, D. Y., and Grefkes, C. (2011). The role
of the contralesional motor cortex for motor recovery in the early days after
stroke assessed with longitudinal FMRI. Cereb. Cortex 21, 756–768. doi: 10.
1093/cercor/bhq140
Sewards, T. V., and Sewards, M. (2002a). Separate, parallel sensory and hedonic
pathways in the mammalian somatosensory system. Brain Res. Bull. 58,
243–260. doi: 10.1016/s0361-9230(02)00783-9
Sewards, T. V., and Sewards, M. A. (2002b). The medial pain system: neural
representations of the motivational aspect of pain. Brain Res. Bull. 59, 163–180.
doi: 10.1016/s0361-9230(02)00864-x
Soria, E. D., and Fine, E. J. (1991). Disappearance of thalamic pain after parietal
subcortical stroke. Pain 44, 285–288. doi: 10.1016/0304-3959(91)90098-i
Sprenger, T., Seifert, C. L., Valet, M., Andreou, A. P., Foerschler, A., Zimmer, C.,
et al. (2012). Assessing the risk of central post-stroke pain of thalamic origin by
lesion mapping. Brain 135, 2536–2545. doi: 10.1093/brain/aws153
Takatsuru, Y., Fukumoto, D., Yoshitomo, M., Nemoto, T., Tsukada, H., and
Nabekura, J. (2009). Neuronal circuit remodeling in the contralateral cortical
hemisphere during functional recovery from cerebral infarction. J. Neurosci.
29, 10081–10086. doi: 10.1523/JNEUROSCI.1638-09.2009
Thompson, A., Morishita, T., and Okun, M. S. (2012). DBS and electrical neuro-
network modulation to treat neurological disorders. Int. Rev. Neurobiol. 107,
253–282. doi: 10.1016/b978-0-12-404706-8.00014-0
Tsubokawa, T., Katayama, Y., Yamamoto, T., Hirayama, T., and Koyama, S.
(1991a). Chronic motor cortex stimulation for the treatment of central pain.
Acta Neurochir. Suppl. (Wien) 52, 137–139. doi: 10.1007/978-3-7091-9160-
6_37
Tsubokawa, T., Katayama, Y., Yamamoto, T., Hirayama, T., and Koyama, S.
(1991b). Treatment of thalamic pain by chronic motor cortex stimulation.
Pacing Clin. Electrophysiol. 14, 131–134. doi: 10.1111/j.1540-8159.1991.
tb04058.x
Tsubokawa, T., Katayama, Y., Yamamoto, T., Hirayama, T., and Koyama, S.
(1993). Chronic motor cortex stimulation in patients with thalamic pain.
J. Neurosurg. 78, 393–401. doi: 10.3171/jns.1993.78.3.0393
Tsubokawa, T., Yamamoto, T., Katayama, Y., Hirayama, T., and Sibuya, H. (1984).
Thalamic relay nucleus stimulation for relief of intractable pain. Clinical results
and beta-endorphin immunoreactivity in the cerebrospinal fluid. Pain 18,
115–126. doi: 10.1016/0304-3959(84)90879-0
Vanegas, H., and Schaible, H. G. (2004). Descending control of persistent pain:
inhibitory or facilitatory? Brain Res. Brain Res. Rev. 46, 295–309. doi: 10.1016/j.
brainresrev.2004.07.004
Velasco, F., Argüelles, C., Carrillo-Ruiz, J. D., Castro, G., Velasco, A. L., Jiménez,
F., et al. (2008). Efficacy of motor cortex stimulation in the treatment of
neuropathic pain: a randomized double-blind trial. J. Neurosurg. 108, 698–706.
doi: 10.3171/JNS/2008/108/4/0698
Vestergaard, K., Andersen, G., Gottrup, H., Kristensen, B. T., and Jensen, T. S.
(2001). Lamotrigine for central poststroke pain: a randomized controlled trial.
Neurology 56, 184–190. doi: 10.1212/wnl.56.2.184
Vestergaard, K., Nielsen, J., Andersen, G., Ingeman-Nielsen, M., Arendt-Nielsen,
L., and Jensen, T. S. (1995). Sensory abnormalities in consecutive, unselected
patients with central post-stroke pain. Pain 61, 177–186. doi: 10.1016/0304-
3959(94)00140-a
Volz, L. J., Sarfeld, A. S., Diekhoff, S., Rehme, A. K., Pool, E. M., Eickhoff, S. B.,
et al. (2015). Motor cortex excitability and connectivity in chronic stroke:
a multimodal model of functional reorganization. Brain Struct. Funct. 220,
1093–1107. doi: 10.1007/s00429-013-0702-8
Vranken, J. H., Dijkgraaf, M. G., Kruis, M. R., van der Vegt, M. H., Hollmann,
M. W., and Heesen, M. (2008). Pregabalin in patients with central neuropathic
pain: a randomized, double-blind, placebo-controlled trial of a flexible-dose
regimen. Pain 136, 150–157. doi: 10.1016/j.pain.2007.06.033
Weimar, C., Kloke,M., Schlott, M., Katsarava, Z., andDiener, H. C. (2002). Central
poststroke pain in a consecutive cohort of stroke patients. Cerebrovasc. Dis. 14,
261–263. doi: 10.1159/000065663
Widar, M., Samuelsson, L., Karlsson-Tivenius, S., and Ahlstrom, G. (2002). Long-
term pain conditions after a stroke. J. Rehabil. Med. 34, 165–170. doi: 10.
1080/16501970213237
Xerri, C., Zennou-Azogui, Y., Sadlaoud, K., and Sauvajon, D. (2014). Interplay
between intra- and interhemispheric remodeling of neural networks as a
substrate of functional recovery after stroke: adaptive versus maladaptive
reorganization. Neuroscience 283, 178–201. doi: 10.1016/j.neuroscience.2014.
06.066
Yezierski, R. P. (2005). Spinal cord injury: a model of central neuropathic pain.
Neurosignals 14, 182–193. doi: 10.1159/000087657
Frontiers in Human Neuroscience | www.frontiersin.org 7 April 2016 | Volume 10 | Article 166
Morishita and Inoue CPSP and Neural Network Remodeling
Young, R. F., and Chambi, V. I. (1987). Pain relief by electrical stimulation
of the periaqueductal and periventricular gray matter. Evidence for a non-
opioid mechanism. J. Neurosurg. 66, 364–371. doi: 10.3171/jns.1987.66.
3.0364
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
TM has no disclosures related to this study. TM has received grant supports from
Japan Society for Promotion of Science, St. Luke Life Science Institute, Nakatomi
foundation, Takeda Science Foundation, and the Uehara Memorial Foundation.
He has received honoraria from Boston Scientific and Medtronic as a consultant
within the past 12 months.
TI has no disclosures related to this study. TI has received a grant support by the
Clinical Research Promotion Foundation, Japan.
Copyright © 2016 Morishita and Inoue. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Human Neuroscience | www.frontiersin.org 8 April 2016 | Volume 10 | Article 166
